A new refracture-candidate diagnostic test is presented that requires a brief injection at a pressure exceeding the fracture initiation and propagation pressure followed by an extended shut-in period with the pressure falloff recorded. Provided the time of injection is short relative to the reservoir response, the pressure falloff can be analyzed as a slug test by transforming and plotting the falloff data on a variable-storage, constant-rate drawdown type curve for a well producing from single or multiple finite-or infinite-conductivity vertical fractures in an infinite-acting reservoir. Characteristic variable storage behavior is used to diagnose a pre-existing fracture retaining residual width and to determine if a pre-existing fracture is damaged. Using the proposed model and analysis methodology, a quantitative type-curve/model match can be used to estimate reservoir properties.
Introduction
Oil and gas wells often contain potentially productive layers bypassed either intentionally or inadvertently during an original completion. Subsequent refracturing programs designed to identify underperforming wells and recomplete bypassed layers have sometimes been unsuccessful in part because the programs tend to focus on commingled well performance and well restimulation potential without thoroughly investigating individual layer properties and the refracturing potential of individual layers. Perhaps the most significant impediment to investigating layer properties is a lack of representative and cost-effective diagnostics that can be used to determine layer permeability, reservoir pressure, and to quantify the effectiveness of previous stimulation treatments.
Post-frac production logs, 1-2 near-wellbore hydraulic fracture imaging with radioactive tracers, [3] [4] and far-field microseismic fracture imaging 5 all suggest 10% to 40% of the layers targeted for completion during primary fracturing operations using limited-entry fracture treatment designs are bypassed or ineffectively stimulated.
Quantifying bypassed layers has proved difficult because imaged wells represent a very small percentage of all wells completed. Consequently, bypassed or ineffectively stimulated layers may not be easily identified, and must be inferred from analysis of the commingled well stream, production logs, or conventional pressuretransient tests of individual layers.
A refracture-candidate diagnostic used prior to a refracture treatment should complete the following objectives. 6 To determine if:
A pre-existing fracture exists. A pre-existing fracture is damaged. To estimate:
Effective fracture half-length of a pre-existing fracture.
Fracture conductivity of a pre-existing fracture. Reservoir transmissibility. Average reservoir pressure. When the diagnostic test objectives are achieved, the benefits of refracturing can be easily evaluated, and the incremental production from a refracture treatment can be predicted.
Quantitative conventional pressure-transient testing, which includes drawdown, drawdown/buildup, or injection/falloff tests at a pressure less than the fracture propagation pressure, can be used to achieve the objectives of a refracture-candidate diagnostic test. However, conventional pressure-transient tests are best suited for evaluating a single layer. For wells producing from multiple layers, multilayer pressure-transient tests have been published, 7 but in practice, determining layer flow rates for test interpretation from multiple layers is problematic-especially with upwards of 20 layers producing. 8 In general, a cost-effective quantitative diagnostic test does not exist for wells producing from multiple layers.
Diagnostic testing in low permeability multilayer wells has been attempted, and Hopkins et al. 9 describe several diagnostic techniques used in a Devonian shale well to diagnose the existence of a preexisting fracture(s) in multiple targeted layers over a 727 ft interval. The diagnostic tests included isolation flow tests, wellbore communication tests, nitrogen injection/falloff tests, and conventional drawdown/buildup tests.
The post-frac diagnostic program described by Hopkins et al. 9 is thorough and addresses the objectives of a refracture-candidate diagnostic. However, the diagnostic program is also expensive and time consuming -even for a relatively simple four layer case. Many refracture candidates in low permeability gas wells contain stacked lenticular sands with between 20 to 40 layers which need to be evaluated in a timely and cost effective manner.
As part of the recent GRI restimulation project, 10 Huang et al.
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suggested a quasi-quantitative pressure transient test interpretation method. The "short shut-in test interpretation method" is designed to provide only an indication of pre-existing fracture effectiveness. The method uses log-log type curve reference points-the end of wellbore storage, the beginning of pseudolinear flow, the end of pseudolinear flow, and the beginning of pseudoradial flow-and the known relationships between pressure and system properties at those points to provide upper and lower limits of permeability and effective fracture half length.
While not used specifically as a refracture-candidate diagnostic test, nitrogen slug tests are used as a prefracture diagnostic test in low permeability reservoirs. 8, 12 Jochen et al. 8 describe a nitrogen injection test as a short small volume injection of nitrogen at a pressure less than the fracture initiation and propagation pressure followed by an extended pressure falloff period. Unlike the nitrogen injection/falloff test used by Hopkins et al., 9 a nitrogen slug test is analyzed using slug-test type curves and by history matching the injection and falloff pressure with a finite-difference simulator. 8 Similarly, fracture-injection/falloff tests have been routinely implemented since 1998 as a prefracture diagnostic to estimate formation permeability and average reservoir pressure. 13 A fractureinjection/falloff test, which is essentially a minifrac with reservoir properties interpreted from the pressure falloff, differs from a nitrogen slug test in that the pressure during the injection is greater than the fracture initiation and propagation pressure. A fractureinjection/falloff test typically requires a low rate, small volume injection of treated water followed by an extended shut-in period, and the permeability to the mobile reservoir fluid and the average reservoir pressure are interpreted from the pressure decline. However, a fracture-injection/falloff test fails as a refracture-candidate diagnostic because the theory does not account for a pre-existing fracture.
The test methods or test programs described are not both costeffective and capable of achieving the objectives of a refracturecandidate diagnostic in a well completed in multiple layers. Only Hopkins' et al. 9 refracture-candidate diagnostic program has proven successful in achieving the refracture-candidate diagnostic objectives in a well completed in multiple layers, but the program is time consuming and may be impractical for low permeability stacked, lenticular reservoirs.
A new refracture-candidate diagnostic test is proposed that requires an isolated layer small volume fracture-injection/falloff sequence using either liquid or gas. Using new theoretical models that account for a pre-existing fracture, qualitative type-curve analysis is used to identify a pre-existing fracture and to determine if the fracture is damaged. Provided sufficient falloff data are recorded, quantitative type curve analysis is used to estimate reservoir transmissibility, fracture half length, and fracture conductivity, and average reservoir pressure is estimated using after-closure analysis. Thus, the new diagnostic test satisfies the refracture-candidate evaluation objectives, and with only modest equipment requirements and qualitative analysis of a few hours of pressure falloff data, the new refracture-candidate diagnostic test is cost effective and suitable for isolated-layer testing in multilayer completions.
New Fracture-Injection/Falloff Test Theoretical Model
A fracture-injection/falloff test requires a short injection at a pressure sufficient to create and propagate a hydraulic fracture followed by an extended shut-in period. During the shut-in period, the induced fracture closes-which divides the falloff data into before-and afterclosure portions. Separate theoretical descriptions of the before-and after-closure data have been presented. [14] [15] [16] [17] Mayerhofer and Economides 14 and Mayerhofer et al. 15 developed before-closure pressure-transient analysis while Gu et al. 16 and Abousleiman et al. 17 presented after-closure analysis theory. With before-and after-closure analysis, only specific and small portions of the pressure decline during a fracture-injection/falloff test sequence can be quantitatively analyzed.
Before-closure data, which can extend from a few seconds to several hours, can be analyzed for permeability and fracture-face resistance, and after-closure data can be analyzed for reservoir transmissibility and average reservoir pressure provided pseudoradial flow is observed. However, in a low permeability reservoir or when a relatively long fracture is created during the injection, an extended shut-in period-hours or possibly days-are required to observe pseudoradial flow. A quantitative transmissibility estimate from the after-closure pre-pseudoradial pressure falloff data, which represents the vast majority of the recorded pressure decline, is not possible with existing theoretical models.
A new single-phase fracture-injection/falloff theoretical model accounting for fracture creation, fracture closure, and after-closure diffusion is presented in Appendix A. The model accounts for fracture propagation as time-dependent storage, and the fractureinjection/falloff dimensionless pressure solution for a case with a propagating fracture, constant before-closure storage, and constant after-closure storage is written as ( ) (2) which is the slug test solution for a hydraulically fractured well with constant before-closure storage. The after-closure limiting-case solution, where which is also a slug-test solution but includes variable storage. Both single-phase limiting-case solutions presented, and other solutions presented by Craig, 6 illustrate that a fractureinjection/falloff test can be analyzed as a slug test when the time of injection is short relative to the reservoir response.
Larsen and Bratvold 18 in a study of the effects of a propagating fracture on injection/falloff data also demonstrated that when the filtrate and reservoir fluid properties differ, a single-phase pressuretransient model is appropriate if the depth of filtrate invasion is small. Thus, for fracture-injection/falloff sequence with a fracture created during a short injection period, the pressure falloff data can be analyzed as a slug test using single-phase pressure-transient solutions in the form of variable-storage constant-rate drawdown type curves.
Type curve analysis of the fracture-injection/falloff sequence requires transformation of the pressure recorded during the variablerate falloff period to yield an equivalent "constant-rate" pressure. 19 A type-curve match using new variable-storage constant-rate type curves 6 can then be used to estimate transmissibility and identify flow periods for specialized analysis using existing before-and afterclosure methods.
Using a derivation method analogous to that shown in Appendix A, Craig 6 (5) and p fD is the Laplace domain reservoir solution for a reservoir producing from a single vertical infinite-or finite-conductivity fracture. Fig. 1 shows a graph of dimensionless pressure and pressure derivative versus dimensionless time and illustrates a case that exhibits constant before-closure storage, C bcD = 10, and constant after-closure storage, C acD = 1, with variable dimensionless closure time.
Fracture volume before closure is greater than the residual fracture volume after closure, V f > V fr , and the change in fracture volume with respect to pressure is positive. Thus before-closure storage, when a fracture is open and closing, is greater than afterclosure storage, which is written as Consequently, decreasing storage as shown in Fig. 1 should be expected during a constant-rate drawdown with a closing fracture as has been demonstrated for a closing waterflood-induced fracture during a falloff period by Koning and Niko, 20 Koning, 21 and van den Hoek.
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Can storage appear to increase during a constant-rate drawdown with a closing fracture? Spivey and Lee 24 describe a variable wellbore storage model for reservoirs with natural fractures of limited extent in communication with the wellbore. The variable storage model includes a natural fracture storage coefficient and natural fracture skin affecting communication with the reservoir, and a wellbore storage coefficient and a completion skin affecting communication between the natural fractures and the wellbore. The Spivey and Lee radial geometry model with natural fractures of limited extent in communication with the wellbore demonstrates that storage can appear to increase when the completion skin is greater than zero.
The concept of Spivey and Lee 24 is easily extended to a constantrate drawdown for a well with a vertical hydraulic fracture by incorporating fracture-face and choked fracture skin as described by Cinco-Ley and Samaniego. 25 The problem is formulated by first considering only wellbore storage and writing a dimensionless material balance equation as dp The before-closure dimensionless wellbore pressure accounting for fracture-face skin, before-closure storage, choked-fracture skin, and wellbore storage is solved by numerically inverting the Laplace domain solution, Eq. 9 and Eq. 10.
After fracture closure the solution outside of the wellbore accounting for variable fracture storage is analogous to the dimensionless pressure solution for a well in an infinite slab reservoir with an open fracture supported by initial reservoir pressure that closes during the drawdown with constant before-and after-closure storage. The solution is written as ( ) where the dimensionless after-closure fracture storage is written as 
Refracture-Candidate Diagnostic Test
A refracture-candidate diagnostic test is an extension of the new fracture-injection/falloff theoretical model with new multiple arbitrarily-oriented infinite-or finite-conductivity fracture pressuretransient solutions required to adapt the model.
The test was developed by recognizing that an existing fracture retaining residual width has associated storage, and a new induced fracture creates additional storage. Consequently, a fractureinjection/falloff test in a layer with a pre-existing fracture will exhibit variable storage during the pressure falloff, and the change in storage is observed at hydraulic fracture closure. In essence the test induces a fracture to rapidly identify a pre-existing fracture retaining residual width.
Consider a pre-existing fracture that dilates during a fractureinjection/falloff sequence, but the fracture half length remains constant. With constant fracture half length during the injection and before-closure falloff, fracture volume changes are a function of fracture width, and the before-closure storage coefficient is equivalent to the dilating-fracture storage coefficient and written as where S f is the fracture stiffness. 6 With equivalent before-closure and dilated-fracture storage, a derivation similar to that shown in Appendix A results in the dimensionless pressure solution written as 
Alternatively, a secondary fracture can be initiated in a plane different from the primary fracture during the injection. With secondary fracture creation, and assuming the volume of the primary fracture remains constant, the propagating-fracture storage coefficient is written as
The before-closure storage coefficient is defined as With the new storage-coefficient definitions, the fractureinjection/falloff sequence solution with a pre-existing fracture and propagating secondary fracture is written as ( ) The limiting-case solutions for a single dilated fracture are identical to the fracture-injection/falloff limiting-case solutionsEqs. 2 and 3-when ( ) . (25) where p LfbcD is the dimensionless pressure solution for a constantrate drawdown in a well producing from multiple fractures with constant before-closure storage, which is written in the Laplace domain as 2 
where p LfacD is the dimensionless pressure solution for a constantrate drawdown in a well producing from multiple fractures with constant after-closure storage, which is written in the Laplace domain as The limiting-case solutions are slug-test solutions, which suggest that a refracture-candidate diagnostic test can be analyzed as a slug test provided the injection time is short relative to the reservoir response.
Consequently, a refracture-candidate diagnostic test requires the following.
• Isolate a layer to be tested.
• Inject liquid or gas at a pressure exceeding fracture initiation and propagation pressure. The injected volume should be roughly equivalent to the proppant-pack pore volume of an existing fracture if known or suspected to exist, but the injection time should be limited to a few minutes.
• Shut-in and record a pressure falloff period of several hours.
A qualitative interpretation requires the following steps:
• Identify hydraulic fracture closure during the pressure falloff using existing methods.
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• Transform the recorded variable-rate pressure falloff data to an equivalent pressure if the rate were constant by integrating the pressure difference with respect to time, which is written as • Prepare a log-log graph of the equivalent constant-rate pressure and pressure derivative versus the shut-in time where the pressure derivative is calculated from the observed pressure difference as • Examine the storage behavior before and after closure.
A change in the magnitude of storage at fracture closure suggests a fracture retaining residual width exists. When the storage decreases, an existing fracture is nondamaged. Conversely, a damaged fracture, or a fracture exhibiting choked-fracture skin, is indicated by apparent increase in the storage coefficient.
Quantitative refracture-candidate diagnostic interpretation requires type-curve matching, or if pseudoradial flow is observed, after-closure analysis. [16] [17] After-closure analysis is preferable because it does not require knowledge of fracture half length to calculate transmissibility. However, pseudoradial flow is unlikely to be observed during a relatively short pressure falloff, and type-curve matching may be necessary. From a pressure match point on a constant-rate type curve with constant before-closure storage, transmissibility is calculated in field units as
or from an after-closure pressure match point using a variable-storage type curve Quantitative interpretation has two limitations. First, the average reservoir pressure must be known for accurate equivalent constantrate pressure and pressure derivative calculations, Eqs. 29 and 30. Second, both primary and secondary fracture half lengths are required to calculate transmissibility. Assuming the secondary fracture half length can be estimated by imaging or analytical methods, 26 the primary fracture half length is calculated from the type curve match,
With both fracture half lengths known, the beforeand after-closure storage coefficients can be calculated 6 and the transmissibility estimated.
Field Example
A fracture-injection/falloff test in a layer without a pre-existing fracture is shown in Fig. 3 , which contains a graph of injection rate and bottomhole pressure versus time. The 5.3 minute injection consisted of 17.7 bbl of 2% KCl treated water followed by a 16 hour shut-in period. Fig. 4 contains a graph of equivalent constant-rate pressure and pressure derivative-plotted in terms of adjusted pseudovariables 6 -overlaying a constant-rate drawdown type curve for a well producing from an infinite-conductivity vertical fracture with constant storage. Fracture half length is estimated to be 127 ft using Nolte-Shlyapobersky analysis, 26 and the permeability from a type-curve match is 0.827 md, which agrees reasonably well with a permeability of 0.522 md estimated from a subsequent pressure buildup test type-curve match.
A refracture-candidate diagnostic test in a layer with a preexisting fracture is shown in Fig. 5 , which contains a graph of injection rate and bottomhole pressure versus time. Prior to the test, the layer was fracture stimulated with 250,000 lbs of 20/40 proppant, but after 7 days, the layer was producing below expectations and a diagnostic test was required. The 18.5 minute injection consisted of 75.8 bbl of 2% KCl treated water followed by a 4 hour shut-in period. Fig. 6 contains a graph of equivalent constant-rate pressure and pressure derivative versus shut-in time plotted in terms of adjusted pseudovariables, 6 and exhibits the characteristic response of a damaged fracture with choked-fracture skin. Note that the transition from the first unit-slope line to the second unit slope line begins at hydraulic fracture closure. Consequently, the refracture-candidate diagnostic test qualitatively indicates a damaged pre-existing fracture retaining residual width. Since the data did not extend beyond the end of storage, quantitative analysis is not possible.
1. An isolated-layer refracture-candidate diagnostic test requires a small volume, low-rate injection of liquid or gas at a pressure exceeding the fracture initiation and propagation pressure followed by an extended shut-in period. 2. Provided the injection time is short relative to the reservoir response, a refracture-candidate diagnostic can be analyzed as a slug test. 3. A change in storage at fracture closure qualitatively indicates the presence of a pre-existing fracture. Apparent increasing storage indicates the pre-existing fracture is damaged. 4. Quantitative type-curve analysis using new variable-storage, constant-rate drawdown solutions for a reservoir producing from multiple arbitrarily-oriented infinite or finite conductivity fractures is used to estimate fracture half length(s) and transmissibility. 
... (A-5)
where p i is the initial reservoir pressure and 0 p is an arbitrary reference pressure. At time zero, the wellbore pressure is increased to the "opening" pressure, , 0 p w which is generally set equal to , 0 p and the dimensionless wellbore pressure at time zero is written as where q w is the well injection rate.
With dimensionless variables, the material balance equation for a propagating fracture during injection is written as Assuming that the well center is at the origin, 0, and the plane-source solution can be written in dimensionless terms as It is assumed that the total flow rate increases proportionately with respect to increased fracture half-length such that ( ) 1.
The solution is evaluated in the plane of the fracture, and after simplifying the integral using the identity of Ozkan and Raghavan, 31 the dimensionless uniform-flux solution in the Laplace domain for a variable fracture half-length is written as The Laplace domain dimensionless fracture half-length varies between 0 and 1 during fracture propagation, and using a powermodel approximation, 32 the Laplace domain dimensionless fracture half-length is written as During the before-and after-closure period-when the fracture half-length is unchanging-the dimensionless reservoir pressure solution for an infinite conductivity fracture in the Laplace domain is written as
... (A-28)
The two different reservoir models, one for a propagating fracture and one for a fixed-length fracture, can be superposed to develop a dimensionless wellbore pressure solution by writing the superposition integrals as 
... (A-33)
Utilizing the superposition principle to develop a solution requires that the pressure-dependent dimensionless propagatingfracture storage coefficient be written as a function of time only. Let fracture propagation be modeled by a power model and written as The derivative of fracture volume with respect to wellbore pressure is written as and after inverting to the time domain, the fracture-injection/falloff solution for the case of a propagating fracture, constant beforeclosure storage, and constant after-closure storage is written as ( ) The before-closure storage coefficient is by definition always greater than the propagating-fracture storage coefficient, and the difference of the two coefficients cannot be zero unless the fracture half-length is created instantaneously. However, the difference is also relatively small when compared to which is the slug test solution for a hydraulically fractured well with constant before-closure storage.
When the dimensionless time of injection is short and The uniform-flux Laplace domain multiple fracture solution can now be written as A semianalytical multiple arbitrarily-oriented infiniteconductivity fracture solution can be developed in the Laplace domain. If flux is not uniform along the fracture(s), a solution can be written using superposition that accounts for the effects of multiple fractures as The dimensionless variables rescale the anisotropic reservoir to an equivalent isotropic system. As a result of the rescaling, the dimensionless fracture half-length changes and must be redefined as 37 2 2 cos sin For the cruciform fracture in an anisotropic reservoir illustrated in Fig. C-2 , the primary fracture is oriented at an 1 23 1 2  1 33 1 3  2 3  2  2 13  2 13 2 1  2 23  2 23 2 2   2  2 3 3 2 3 ( ) ( ) ( ) ( ) Fig. C-3 contains a log-log graph of dimensionless pressure and dimensionless pressure derivative versus dimensionless time for a cruciform fracture where the angle between the fractures is π/2. In Fig. C-3 , δ L = 1, and the inset graphic illustrates a cruciform fracture with primary fracture conductivity, C f1D , and the secondary fracture conductivity is defined by the ratio of secondary to primary fracture conductivity, δ C = C f2D / C f1D where in Fig. C-3 , δ C = 1.
In addition to allowing each fracture to have a different half length and conductivity, the multiple fracture solution also allows for an arbitrary angle between fractures. Fig. C-4 contains constant-rate type curves for equal primary and secondary fracture half length, δ L = 1 and equal primary and secondary conductivity, δ C = 1 where C f1D = 100π. The type curves illustrate the effects of decreasing the angle between the fractures as shown by type curves for θ f2 = π/2, π/4, and π/8. 
